We have determined solution structure of r (GGAGGUUUUGGAGG) (R14) by NMR; the RNA 14-mer forms an intra-strand parallel quadruplex with a G-tetrad and a hexad, in which a G-tetrad core is augmented by association of two A residues. The quadruplex further forms a dimer through stacking interaction between the hexads. We also synthesized the corresponding DNA 14-mer, d (GGAGGTTTTGGAGG) (D14), and examined its properties and structure by CD, gel electrophoresis, and NMR. The CD and gel electrophoretic studies suggest that D14 forms a quadruplex entirely different from that of R14 in the presence of K* ions; two molecules of D14 form a quadruplex containing antiparalle strands and diagonal loops. The NMR study also gave the results that are consistent with such structure: alternate glycosidic conformation, 5'G(syji)-G(a/itf)3', and characteristic chemical shift data.
INTRODUCTION
Telomeres are the specialized ends of liner chromsomes. They contain tandem repeats of short guanine-rich DNA sequences, such as d(TTAGGG) in vertebrates and d (TTTTGGGG) in Oxytricha, and a number of telomerespecific proteins. The DNA oligomers containing such Gstreches form a variety of quadruplex structures depending on their sequences. Furthermore, it is assumed that RNA quadruplex may be involved in FMRP-mRNA binding (1) or HIV-1 genome RNA dimerization. We have synthesized an RNA, r(GGAGGUUUUGGAGG) (R14) where two GGAGG sequence are connected by a UUUU sequence, and determined its structure as intra-strand parallel quadruplex forming a dimer through stacking interaction by CD and NMR ( Fig. la) (2) . In order to obtain insight into the difference between RNA and DNA quadruplexes, we synthesized the corresponding DNA 14-mer, d (GGAGGTTTTGGAGG) (D14) and examined its properties and structure. We found that the structure of D14 is entirely different from that of R14.
MATERIALS AND METHODS
D14 was synthesized on a DNA synthesizer (Applied Biosystems 391) using solid phase phosphoramidite chemistry. Polyacrylamide gel electrophoresis and C-18 OPC cartridge were used for purification and desalting. D14 was dissolved in 200 ul buffer containing 10 mM sodium phosphate (pH 6.5), 5% D 2 O, 100 mM KC1 and DSS. NMR data in D 2 O and H 2 O were collected on a Bruker DRX-600 spectrometer. Proton resonance assignments were done based on NOESY, TOCSY, and 'H- , R14 gives a positive CD band at 265 nm and a negative band at 240 nm (Fig. 2a) . Addition of K + ions increases [0] of the positive band. This indicates that K + ions bind to R14 and consequently stabilize the initial structure. Under the same experimental conditions, in the absence of K + , D14 shows a similar CD spectral pattern with a positive band at 262 nm (Fig.  2b) . Upon addition of K + ions to D14, the initial positive band at 262 nm gradually changes into the negative direction finally giving an intensive negative band. The change in the CD spectral pattern suggests that K + ion binding to D14 causes a large conformational change and finally results in formation of an ordered structure quite different from the initial one. It is known that a large positive band at around 260 nm indicates a parallel quadruplex, while a large positive band around 295 nm indicates a quadruplex that contains antiparallel strand orientation. (Fig. 1) 
NMR spectral analysis
The imino proton signals, which are characteristic of the G-tetrad, were observed for R14 and D14 in the presence of K + . The number of the observed imino proton signals in this regions for D14 were larger than eight. However, the global structures of the putative conformers may be very similar since the numbers of the major C-H proton signals were mostly as expected for a single major conformer. D14 showed strong intra-residue H8-H1' NOEs for Gl, G4, G10 and G13 indicative of a syn glycosidic conformation for these four G residues. This result indicates that all G-G steps take 5\syn)-(anti)y conformation. Furthermore, we found NOE cross-peaks for G1H8-T8CH3 and G1H1'-T8CH3, suggesting an inter-strand stacking between T8, the third T residue in the loop, and Gl. Similar stacking interactions are commonly observed for corresponding residues in the quadruplexes with a diagonal TTTT loop and similar NOEs are actually observed (3) (4) (5) . At present, we have no information on the structure around the A residues. The NMR results presented here strongly support the model of the major structure for D14 to be a quadruplex formed by two hairpin molecules with diagonal connecting loops, which is also consistent with the data of CD and gel electrophoresis studies. 
